ABSTRACT: The analysis of heterogeneous subpopulations of circulating tumor cells (CTCs) is critical to enhance our understanding of cancer metastasis and enable noninvasive cancer diagnosis and monitoring. The phenotypic variability and plasticity of these cellsproperties closely linked to their clinical behaviordemand techniques that isolate viable, discrete fractions of tumor cells for functional assays of their behavior and detailed analysis of biochemical properties. Here, we introduce the Prism Chip, a high-resolution immunomagnetic profiling and separation chip which harnesses a cobalt-based alloy to separate a flowing stream of nanoparticle-bound tumor cells with differential magnetic loading into 10 discrete streams. Using this approach, we achieve exceptional purity (5.7 log white blood cell depletion) of isolated cells. We test the differential profiling function of the integrated device using prostate cancer blood samples from a mouse xenograft model. Using integrated graphene Hall sensors, we demonstrate concurrent automated profiling of single cells and CTC clusters that belong to distinct subpopulations based on protein surface expression.
I dentifying circulating tumor cells (CTCs) that possess high metastatic potential is a pressing problem in cancer research. 1 Cancer metastasis is the step that converts local, confined disease to a deadly condition affecting distal sites, and CTCs are the initiators of metastatic disease. 2 However, not all blood-borne tumor cells are able to colonize metastatic tumors. It is therefore critical that specific subpopulations of cells are identified and isolated to enable further insight into the biology of metastasis, the treatment of metastatic disease, and the development of effective liquid biopsy approaches for cancer diagnosis and management. 1−3 There exists a correlation between the number and type of CTCs in the bloodstream and the progression of cancer. 4, 5 Unfortunately, the enumeration of CTCs has, to date, not proven clinically actionable. There is growing recognition that CTCs are highly heterogeneous, and that characterizing phenotypic subpopulations of these cells, rather than simply establishing levels of blood-borne cells, will be needed to provide the data required for clinical action.
CTCs become phenotypically heterogeneous through processes such as the epithelial−mesenchymal transition (EMT), whereby cell−cell adherence proteins are lost, and cells take on more mesenchymal properties. This phenotypic shift enhances the ability of CTCs to survive in circulation and colonize distal sites. 6 In addition, clusters of CTCs are an important subpopulation of cells. It has recently been shown that the relative level of single cells versus cell clusters in a patient sample can provide insight into the aggressiveness of a patient's cancer and offers prognostic value. 7 Immunoaffinity assays have been developed to purify CTCs from the immense background of whole blood; however, most existing technologies do not resolve subpopulations, nor do they resolve single CTCs versus clusters without end point staining. 1 Measuring the level of proteins found on a cell's surface provides a means to distinguish among phenotypic subpopulations of CTCs. 8, 9 The most common method for measuring cell surface protein levelsfluorescence-activated cell sorting (FACS)does not succeed in high-background biological samples such as whole blood; instead, it requires extensive sample purification prior to analysis. 10 Immunomagnetic separation has been used to isolate or capture magnetically labeled cancer cells. However, most present-day techniques lack the resolution necessary to quantitatively profile surface protein expression of rare cells and instead only offer a binary assay that indicates the presence or absence of a given protein.
Advanced immunomagnetic devices have been reported that use an external magnetic field to deflect micro-or nanoparticleladen cells from a flowing liquid stream. These have included systems coupled with integrated ferromagnetic elements that achieve a level of focused control over the applied magnetic field. 13, 14 Immunomagnetic techniques have been adapted to separate distinct cellular subpopulations, either by exploiting differences in particle labeling efficiency or by using differently sized magnetic particles targeted to nonoverlapping populations. 15, 16 In our laboratories, we developed a technique referred to as magnetic ranking cytometry that separates and profiles rare cancer cells according to levels of surface protein expression or intracellular mRNAs.
17,18 This method achieves a high level of sensitivity and finely resolves cancer cells exhibiting subtle changes in phenotype but does not allow the retrieval of live cells or cell clusters. Thus, there exists a need for an approach that can isolate cell subpopulations with high resolution, distinguish between single cells and cell clusters, and do so in a nondestructive manner that preserves cell viability for ensuing downstream assays.
Here, we present a microfluidic device that isolates magnetically-labeled cells and separates them into distinct subpopulations corresponding to their surface protein expression levels. We achieve this using variably angled ferromagnetic guides (Figure 1 ) and the concept of prismatic deflection: the approach separates a flowing stream of cells into discrete fractions, analogous to the functioning of an optical prism dispersing light into its component wavelengths ( Figure  1A) .
We enumerate thereby the subpopulations of cells, interrogating outlet channels using integrated graphene Hall sensors, and collect the sorted cells under continuous flow for further downstream analysis and culture. The integrated devices combine concurrent profiling of CTCs and CTC clusters in a nondestructive manner. The design reliably and accurately profiles the surface expression of a range of cancer cell lines in both buffer and blood and achieves a 5.7 log depletion of white blood cells when sorting biological samples. Magnetically labeled cells will follow the deflection guides until the magnetic force pulling the cells toward the guide is overcome by the component of the drag force acting perpendicular to the guide. (E) Comparison of the magnetic field enhancement generated with nickel and Co-based deflection guides using COMSOL Multiphysics. (F) Qualitative comparison of factors that affect cell deflection. Co-based deflection requires less particle loading for efficient deflection than comparable nickel-based guides.
RESULTS AND DISCUSSION
Overview of the Prism Chip. To separate and profile magnetically-labeled cells from whole blood samples, we designed a microfluidic chip that uses angled ferromagnetic guides in the presence of an external magnetic field to induce a lateral deflection of a magnetically-labeled target. 13, 16, 19 A wide range of differently sized beads are available and can be used to achieve magnetic labeling of a cellular target; however, to carry out not just separation, but profiling of cell surface protein expression, it is essential that the number of magnetic beads bound to the cell vary in direct proportion with protein expression. Large magnetic microparticles (MMPs, with diameters on the order of 1−5 μm) can occlude antibody binding sites, whereas magnetic nanoparticles (MNPs) having diameters below 100 nm avoid this problem ( Figure 1B) .
One added challenge, though, is that MNPs provide a smaller total magnetized volume and thus a reduced magnetic force for a given applied field. To achieve high sorting efficiency and throughput while using MNPs for labeling, we harnessed the high magnetic permeability of a cobalt-based magnetic alloy (μ/μ o = 80 000) to enhance the external magnetic field.
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Fabrication of the Prism Chip is outlined in the Supporting Information (SI Figure S1) . Briefly, sheets of the Co-alloy are attached to a glass wafer and are then patterned via wet-etching into deflection guides made up of 10 discrete segments with increasingly steep angles relative to the direction of flow. Fluidic channels are then patterned overtop of the ferromagnetic ribbons, and the whole assembly is capped with polydimethylsiloxane (PDMS) containing inlet and outlet ports. A syringe pump drives flow to two separate chip inlets, one for cell samples and one for a flow-focusing buffer stream. A neodymium magnet is placed underneath the fluidic channel to generate an external magnetic field, and the ferromagnetic guides generate local field enhancements. Magnetically labeled cells flowing in the focused central stream are deflected by the combination of magnetic capture forces (localized to the edges of the ferromagnetic guides) and fluidic drag forces, whereas nontarget cells do not experience any magnetic force and are directed to a waste outlet by drag force alone ( Figure 1C ). The magnitude of the magnetic capture force is dictated by the amount of magnetic loading on the surface of the cell, while the direction of the magnetic force is dictated by the angle of the deflection guides relative to the direction of flow. Deflection angles were patterned at angles ranging from 2 to 30°, in a progression which yielded a linear increase in the sine of the deflection angle (SI Figure S3) . Each cell reaches its maximal deflection when the magnetic trapping force is too small to balance the component of the fluidic drag force acting perpendicular to the ferromagnetic guides ( Figure 1D ). Deflected cells that fall off of the guides flow straight to the end of the microfluidic channel, where they are directed to one of 10 outlets. These outlets are then connected in series to channels with patterned graphene Hall sensors laid out under them, which are then used to classify the cells in each outlet bin as either single cell or multicellular cluster.
In simulations, the cobalt-based guides were shown to generate a field enhancement 6.5× larger than that produced by nickel alone and amplified the magnitude of external magnetic trapping force by over 3 orders of magnitude ( Figure  1E ; additional simulation details are available in SI Figure S4 ). We then validated the simulation results by comparing the performance of two sets of chips made with either nickel-or cobalt-based guides (SI Figure S5 ). A qualitative model presents the relative impact of using different magnetic beads and ferromagnetic guides on potential device performance ( Figure 1F) .
Performance of the Prism Chip. In the absence of a reliable method to generate targets having preciscely defined magnetic loading, we used variations in flow rate (and thus drag force) to characterize the linearity and reproducibility of the sorting and profiling method, with 8 μm magnetic microbeads serving as a cell analogue. Due to the high magnetic susceptibility of the microbeads, we carried out experiments with the beads suspended in a 75% glycerol solution to increase the drag force, allowing for lower flow rates and improved counting accuracy. The sample flow rate was varied from 250 to 4000 μL/h, generating a 16× range in drag force, which matched the approximate range in cell magnetism predicted to be the device operating range based on the design deflection angles (SI Figure S3) . The distribution of beads at the outlet after sorting and the mean outlet position are plotted in Figure 2A ,B, respectively. The mean outlet position showed a strong linear dependence on flow rate, indicating that the outlet position was proportional to the drag force acting on the beads, as intended in the chip design. This linearity allows for simple comparison of the magnetic loading between subpopulations profiled in different outlets.
We evaluated chip performance when profiling biological targets by sorting cultured prostate cancer cells. To evaluate the downstream viability of the cells after sorting, we labeled PC-3M cells with magnetic nanobeads, sorted them in the device, collected them at the outlet, and then assessed their viability using a commercial fluorescence kit. Cells were compared with an unsorted (live) and a methanol-treated (dead) control. Evaluation of cell viability after sorting showed no significant loss of viability when compared to unsorted cells (91 ± 4 and 89 ± 4% live cells, respectively) ( Figure 2C ; sample staining images are available in SI Figure S7 ). To quantify the prevalence of contaminating white blood cells (WBCs) while handling whole blood, we incubated whole blood samples with magnetic nanobeads targeted to EpCAM, sorted them through the chip, and every WBC which deviated from the waste outlet was deemed to be a contaminating cell when assessing log depletion of WBCs ( Figure 2D ).
To assess the ability of the Prism Chip to generate unique profiles in response to differences in magnetic loading, we sorted VCaP and PC-3M cells, separately, in buffer. Sorting was carried out using magnetic nanobeads targeted to EpCAM; VCaP is known to express high levels of EpCAM, whereas PC-3M's EpCAM expression ranges from low to moderately high. 21 Cells were stained with Syto 24 green, a fluorescent stain which exhibits a very strong fluorescent signal in the presence of nucleic acids, and were counted optically using fluorescence microscopy. Following sorting, the two cell lines exhibited the expected profiles, with VCaP cells being biased toward the high expression outlets ( Figure 2E) . We then performed a matched set of experiments using the same cell lines spiked into blood to demonstrate the efficacy of this system in working with biologically relevant samples ( Figure  2G ). The profiles generated in blood and in buffer were consistent with one another, though throughput was reduced when working with blood owing to its higher viscosity. When working with blood, the viscosity of the focusing buffer stream was increased by the addition of biocompatible sodium alginate (8 mg/mL) (SI Figure S8) . Matching the viscosity of the sample and buffer streams was necessary to maintain their respective (design) widths in the chip.
The sorting efficiency (defined as the percentage of target cells directed away from the waste outlet) of the Prism Chip varies as a function of flow rate, cellular expression of the target surface marker, and the viscosity of the suspending medium. Figure 2F presents the sort efficiency of the device when sorting four different EpCAM expressing prostate cancer cell lines (PC-3M, LNCaP, VCaP, and 22Rv1), suspended in aqueous buffer, at a sample flow rate of 500 μL/h. An average sort efficiency of 88 ± 6% was achieved across these experiments, comparable to that of other microfluidic approaches. To evaluate the sensitivity of the chip, we prepared serial dilutions containing 10 000, 1000, 100, and 10 PC-3M cells/mL and sorted them. Sort efficiency was consistent across the samples, and the detected cell counts matched expectations ( Figure 2H) . A companion experiment, carried out in blood, is presented in the Supporting Information (SI Figure S9) .
Integration of Hall Sensor Detectors. The Hall effect is the conversion of a magnetic field to a voltage difference across an electrical conductor or an electronic semiconductor, in the presence of a transverse applied electrical current. A Hall sensor is a four-terminal device that harnesses the Hall effect to convert changing magnetic fields into changing potential differences, or vice versa, using a semiconductor, and can therefore be used as a proximity sensor. The voltage response of a Hall sensor is characterized by the Hall coefficient (R H ), calculated as = V R IB t H H , where V H is the measured voltage and I and B are the current and magnetic intensity applied perpendicular to each other. The Hall coefficient depends on the mobility and charge carrier concentration of the sensor material. 22 As a result, semiconductor materials usually make effective Hall sensors, and graphenea single-layer version of graphitehas a high Hall coefficient. 23 The Hall coefficient and the atomic thickness of monolayer graphene ensure that small changes in the magnetic field produce significant voltage responses. The sensitivity and specificity of a graphene Hall sensor, in addition to its high linear dynamic range and biocompatibility, make it an appealing material for cellular detection. 24 Graphene sensors were patterned into a Greek-cross-shaped structure, which is established as the classical structure for effective Hall sensors with the lowest offset voltage. The sensing area of the sensors is the central area between the arms of the cross shape. 25 The sensors were laid out in a horizontal array across each channel to eliminate the need for flowfocusing structures, and flow channels were fabricated over the sensors. Each sensor recorded magnetic signals in the region vertically above it, and the sensors were used in combination to monitor the entire cross section of each outlet channel ( Figure  3A) . The devices had a minimum measured signal-to-noise ratio of 36.12 dB and a current sensitivity of 465.49 V/AT.
Differential Classification of Cells. Magnetically labeled cells flowing over the sensors induce a change in magnetism, depending on the cell's magnetic loading, which is proportional to its level of surface protein expression and its size. Larger cells and cell clusters have greater surface area, and, therefore, more surface biomarkers conjugated to magnetic particles on average, and produce voltage responses that are higher in magnitude and longer in duration ( Figure 3B ). Heterogeneous cells can therefore be differentiated by a Hall sensor due to their distinct magnetic signatures, by measuring the area under the curve (AUC) for the response peaks. The signals from the Hall sensor acquired and processed on an embedded processor provide the final counts of the cells obtained from the array of Hall sensors monitoring the profiled cells. Threshold values for the AUC were determined using theoretical models which were then refined using experimental data with the developed sensors. 25−27 The high linear range of the Hall sensors ensures that they do not saturate at high voltages, and this, along with the high signal-to-noise ratio of the devices, allows for small signal changes to be isolated in the presence of a strong magnetizing field. 23 Our method of electronic differential detection of a cellular cluster and single cells does not require the monitoring and processing equipment needed for fluorescence microscopy; this is an advantage when devising low-footprint solutions for disease detection. Detection of Single CTCs and Clusters. We validated the magnetic sensing approach using magnetic microbeads of varying sizes. We used a mixture of beads of 10, 30, and 50 μm radius to characterize the ability of the Hall sensor to detect particles in flow over the sensor array. The percentage of each type of microbead detected by the sensor was within 2% of the input ratios in the solution (SI Figure S11) .
We challenged the sensors using artificially created clusters of PC-3M cells to test the ability of the Hall sensors to distinguish between profiled single cells and clusters. PC-3M cells were artificially clustered and then incubated with antiEpCAM beads and suspended in a buffer solution. The signals received from the Hall sensor for clusters of cells of various sizes are seen distinctly ( Figure 3C) .
We then conducted a set of experiments with the sensors integrated into the Prism Chip platform. We used three prostate cancer cell lines (VCaP, PC-3M, and PC-3) with known levels of EpCAM. The cells were incubated with antiEpCAM beads in a buffered solution, profiled using the Prism Chip, and then enumerated using the integrated Hall sensors (SI Figure S13) . The experiment for each cell line was repeated four times; in the first instance of these experiments, we also visually monitored each outlet of the deflection device for cell fluorescent signatures upstream of the Hall sensors and then correlated the results using the two enumeration methods. The counts from each method were found to agree with each other with >99% accuracy. Sample counts with VCaP cells are presented in Figure 3D . This confirms the robustness of the Hall sensor and the integration method.
The performance of the integrated devices was tested using a solution of both PC-3M single cells and cell clusters, spiked into whole blood. Cells and cell clusters were profiled in the deflection device and then separately enumerated using the Hall sensors ( Figure 3E ). As cell clusters are larger and have more exposed surface than single cells, they experience different forces in the deflection device. Assuming a roughly spherical cluster with comparable surface protein density of a single cell, the cluster with diameter D will experience a higher drag force (F D ∝ D) and higher magnetic force (F M ∝ D 3F). The average cluster size of the artificial clusters was in the range of 2−3 single cells, and these were profiled in zones 6 and 7 of the deflection device. In preliminary experiments, the size of the clusters measured by the Hall sensors was confirmed by bright-field microscopy; a comparison of the counts with each method is presented in SI Figure S12 .
Profiling of CTCs and Detection of Clusters in an Animal Model. We analyzed blood from mice bearing xenografted human prostate cancer tumors. PC-3M cells were injected orthotopically into the right dorsolateral lobe of the prostate of 6−8 week old male athymic nude (nu/nu) mice, and tumor progression was tracked in the mice over a month. We used a cohort of 20 mice, with blood obtained from five mice for weeks 1−3, and three mice for the final time point. The blood from the mice was depleted to remove white blood cells and then evaluated for EpCAM expression in both single cells and cell clusters using the integrated devices. The profile of the single cell and clusters of CTCs over a period of 4 weeks was measured per 500 μL of blood ( Figure 4B,C) . The epithelial marker expression decreased from week 1 to week 2, showing that the CTCs become more mesenchymal with tumor progression in this period. In weeks 3 and 4, the singlecell CTCs separate into two populations, one of low EpCAM mesenchymal cells and one of more epithelial cells (SI Figure  S14 ). This is in keeping with previous experiments on CTCs. 28 In addition, the CTC levels rose as the tumors progressed in the xenografted mice.
The number of CTC clusters also increased with time. The median cluster size of CTCs was 2−4 cells, with the exception of week 1. In the first week, there were very few clusters (<5 in each blood sample); however, the average size of each cluster was larger ( Figure 4D) . A cluster of a particular size had an EpCAM expression lower than that of the corresponding artificial cluster, and this is due to the fact that artificial clusters are single cells that clump together, and their epithelial marker expression level is a factor of their size. A natural cluster found in a mouse blood sample contains an epithelial expression lower than that of an artificial cluster because clusters are more mesenchymal than single cells and indicate advanced stages of the disease.
CONCLUSIONS
The Prism Chip with integrated Hall sensors profiles both single cells and CTC clusters simultaneously and tracks the relative presence of single and multicellular CTCs in a disease model. This method of differential profiling of CTCs in blood provides a broader set of data for monitoring cancer progression and is a technique with interesting applications in CTC detection. Blood collected from mice with xenografted tumors was analyzed for CTCs, and the quantitative presence of CTC single cells and clusters and their related epithelial profiles were generated over the tumor progression.
This approach to differential profiling of CTCs does not capture the cells nor trap them. We showed that cells are undamaged and are available for further downstream processing and assays. The sensitive graphene Hall sensors eliminate the need for bulky microscopy and need neither human classification nor predictive algorithms for classification of the CTCs; instead, they generate electronic signals that are readily read using a simple embedded system. The profiling and enumeration devices are modular, and additional profiling levels or assays can be introduced between the two devices for further two-or three-dimensional profiling of the CTCs.
METHODS
Prism Chip Fabrication. Strips of Metglas 2714A were epoxybonded (Loctite M-31CL) onto 100 mm soda lime glass wafers (550 μm thick) and left to cure for 24 h. Excess epoxy was removed with acetone. The metallic surface was then primed with MCC 80/20 prior to spin-coating with a S1811 positive photoresist. The positive resist was photolithographically patterned, and then the exposed Metglas 2714A was etched using a mixture of 3.6% HCl, 14.3% H 2 O 2 , and 82.1% H 2 O. After the remaining photoresist was stripped and the surface primed with OmniCoat to improve adhesion, the ferromagnetic guides were encapsulated with a layer of SU-8 3010, and then microfluidic channel features were patterned with a 50 μm layer of SU-8 3050. Each chip was then capped with cured PDMS with holes cored for all inlet and outlet ports, following an APTES treatment 29 (SI Figure S1 ). Graphene Chip Fabrication. CVD films of monolayer graphene on silicon wafers (Graphenea) were patterned using electron beam lithography (EBL). Titanium (10 nm) and gold (50 nm) contacts were deposited using electron beam evaporation and patterned using EBL and a lift-off process, and the graphene crosses were defined using EBL with oxygen plasma etching. A 2 μm layer of SU-8 2002 (MicroChem) was used to protect the graphene sensors. The microfluidic channels were built using a 50 μm layer of SU-8 3050 with wet lithography. The devices were covered with APTES-treated cured PDMS (Dow Corning) 29 (SI Figure S2) . COMSOL Multiphysics Simulations. Measurements of the magnetic field enhancement generated by nickel and Metglas 2714A deflection guides were carried out in COMSOL Mutliphysics. Details of the simulation geometry and measurements are available in the Supporting Information (SI Figure S4) .
Cancer Cell Lines. PC-3, PC-3M, and LNCaP human prostate cancer cells were acquired as a gift from Dr. Alison Allan's research group at London Health Sciences, London, ON, Canada. PC-3 cells were cultured in F12-K media, and the PC-3M and LNCaP cells were cultured in RPMI-1640 media. VCaP and 22Rv1 cells were acquired from ATCC. VCaP cells were cultured in DMEM, and 22Rv1 cells were cultured in RPMI-1640 media. All media were supplemented with 10% FBS and 1% penicillin−streptomycin. Cells were cultured at 37°C and 5% CO 2 .
Preparation of Cells for Deflection Experiments. Cells were harvested from culture flasks using a solution of 0.25% Trypsin and 1 mM ethylenediaminetetraacetic acid (EDTA) for approximately 5 min. After the cells had detached from the culture flask, the trypsin was immediately neutralized with buffer solution containing at least 10% FBS. Cells were then washed in a centrifuge at 200g for 5 min and then resuspended at an appropriate concentration in solution of Hanks' balanced salt solution (HBSS) supplemented with 2% BSA and 5 mM EDTA. Cells were magnetically labeled with CD326 (EpCAM) microbeads (130-061-101, MACS-dextran ferrite colloids beads with a diameter of 50 nm, purchased from Miltenyi Biotec); beads were added to all cell suspensions at a 20% concentration by volume. For experiments requiring optical profiling of the cells, Syto 24 green fluorescent nucleic acid stain (S7559, ThermoFisher) was added to the cell suspension at a concentration of ≥1 μL/mL. Artificial clusters were generated by letting the unlabeled cells stand for 30 min until they aggregated.
Live/Dead Cell Analysis. PC-3M cells were harvested with trypsin as described above and divided into three groups. The first group was labeled with EpCAM microbeads as described above and then sorted through the Prism Chip and collected at the outlets. The second group, the live control, was left unlabeled and was held on ice in FBS supplemented HBSS buffer during the sorting. The third group (dead control) was treated with a 70% methanol solution for 30 min to permeabilize the cell membrane. All cells were then stained with a live/dead viability kit (L3224, ThermoFisher) containing 10 μM EthD-1 and 1 μM Calcein AM for 45 min prior to analysis. Sample staining images are available in SI Figure S7 .
WBC Depletion. Whole blood samples from healthy donors were collected in CellSave preservative tubes (CellSearch). The blood was then diluted 1:1 with HBSS supplemented with 2% BSA and 5 mM EDTA. When spiked samples were evaluated, human prostate cancer cells were added to the diluted blood solution at an appropriate concentration. Dynabeads targeted to CD45 and CD15 (11153D, 11137D, ThermoFisher) were washed with buffer using a magnetic separator and then added to the blood/cell solution to achieve 10 and 2.5% concentrations by volume, respectively. The labeled blood was flowed through a simplified Prism Chip having two outlets and a single set of ferromagnetic separation guides, angled at 5°, and the effluent from the negative outlet was collected, stained using Syto 24 green fluorescent stain, and analyzed using the 10 outlet Prism Chip.
Processing of Hall Sensor Data. The Hall sensors are current biased using a DC source. The output signals were amplified and digitized on an Arduino Megas. Data were processed using a combination of custom-written and MATLAB-generated C code. The signals were filtered for high-frequency noise and then binned into sizes based on the areas under the signal and the signal peak values. Initial analog data were collected using a 4156A semiconductor parameter analyzer (Hewlett-Packard).
Orthotopic Xenograft Mouse Models for Prostate Cancer. All animal experiments were conducted according to the protocol approved by University of Toronto Animal Care Committee. A mouse xenograft model was prepared by orthotopic injection of human prostate cancer cell line, PC-3M. In each mouse, 1 × 10 6 cells were injected orthotopically into the right dorsolateral lobe of the prostate of 6−8 week old male athymic nude (nu/nu) mice. Mice were euthanized at designated time point after the injection (at 1, 2, 3, and 4 weeks, n = 5 mice per cohort for the first three time points, n = 3 mice per cohort for the final time point), and 500 μL of blood was collected by cardiac puncture for CTC analysis.
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